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ABSTRACT
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w

To reduce costs associated with the fabrication of low volume, complex components in many
industries, use of additive manufacturing (AM) processes are being explored. This approach
greatly reduces the time and cost by eliminating multiple processing steps, such as brazing and
welding, to fabricate the component in one process. While processes such as powder bed fusion
(PBF) can print monolithic components, directed energy deposition (DED) methods are used to
print components using a combination of materials. DED processes, using either a blown
powder or wire feedstock, can interchange materials for deposition of bimetallic combinations.
One application for DED processing is in high heat flux applications that require materials with
high thermal conductivity such as Cu based alloys to work in conjunction with a higher strengthlower density material such as Inconel for structural stability. While DED processes are being
developed, little is known about the reliability and stability of the resulting interface formed as
the metals are directly deposited onto one another. This study quantifies the mechanical
properties of a bimetallic interface formed using two different DED processes and evaluates its
stability at elevated temperatures. Specimens used in this study were fabricated by three
different vendors using the two different DED processes distinguished by the feedstock. By
fabricating miniature tensile specimens out of as-built components, the study found that blown
powder DED provides a more consistent and stronger interface across the temperature ranges
investigated.
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1.0 Introduction
Additive manufacturing (AM) of metals is a highly attractive form of fabrication due to
its ability to reduce the time and cost for certain applications. Being able to print a one-off part
for verification and testing can save both time and labor costs in the prototyping phase of
development. AM offers the most advantages in being able to print complex shapes with internal
features in difficult to machine alloys. Thus, AM provides a promising alternative to the use of
traditional subtractive methods that would require multiple fabrication processes and subsequent
assembly to make a complex component.
Metallic AM processes fall into two major categories as defined by ASTM Standard
F2792 [1], Powder Bed Fusion (PBF) and Directed Energy Deposition (DED). DED processes
include wire fed (WF) and blown powder (BP) [1][2]. The heat source used further distinguishes
between the different processes as typically a laser is used with PBF and denoted L-PBF. DED
processes of BP using a laser are denoted L-BP and WF processes can use either a laser for the
heat source (L-WF) or an arc (A-WF). Figure 1[3][4][5] illustrates the inverse relationship
between feature resolution and deposition rate between the various AM processes. L-PBF
processes have the highest resolution of feature size but the deposition rate is the lowest. A-WF
processes have the lowest feature resolution but their deposit rate is the fastest. High deposition
rates are beneficial in the fabrication of near net shaped structures.
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Figure 1: Deposition Rate vs. Resolution of Many Forms of Metal Additive
Manufacturing [3][4][5]
Two major differences between L-PBF and DED processes are in the size of the build volume
and the ability to use only monolithic or multiple materials. L-PBF is limited by the volume of
the powder bed in which monolithic parts are printed in sequential X-Y layers, along the Z
direction. In contrast, DED techniques are based on either CNC or robotic platforms that allow
deposition of either single or multiple materials and is only limited in size by the platform.
However, since multi-material deposition is a relatively new technique, more information is
needed about the resulting interface formed as different metals are directly deposited on one
another. The objective of this study is to evaluate the resulting bimetallic interface formed
between Inconel 625 and GRCop84 in specimens fabricated by different DED processes
including L-BP, L-WF, and A-WF. Characterization techniques used for evaluating the interface
include optical microscopy (OM), scanning electron microscopy (SEM), electron dispersive xray spectroscopy (EDS), and tensile testing.
2

2.0 Background
High heat flux applications require thermally conductive materials that retain their
strength when exposed to a high temperature and sometimes high-pressure environment [5][6].
To meet this goal, bimetallic material combinations are often used. One example of such a
material would be a high strength alloy joined to a highly conductive alloy. These bimetallic
combinations are also called functional materials because they are designed to achieve the
overall design goal [7].
One example of a bimetallic application in a high heat flux environment is that of a
regeneratively cooled thrust chamber assembly (TCA) for a liquid rocket engine (LRE) [8]. A
cross section of a typical TCA is illustrated in Figure 2. Temperatures across the wall thickness
of a typical regeneratively cooled TCA can range from 25°C (77°F) in the inner liner to 600°C
(1112°F) on the hot side [8]. This provides an estimate of the expected temperature range over
which the interface between the outer jacket and the inner liner would experience during TCA
hot fire operation.
During hot fire operation, heat from the hot gas side in the combustion zone is transferred
to the coolant flowing through the internal passages. Materials with high thermal conductivity
are used which include Cu based alloys. However, as Figure 3 illustrates, these Cu based alloys
do not retain their structural integrity as the temperature is increased [8][9]. Although alloying
of Cu alloys can increase their room temperature yield strength to some degree, the strength of
all Cu alloys decreases at elevated temperatures. Thus, to provide structural integrity, the Cu can
be reinforced by another alloy that retains its strength at the elevated temperatures. A candidate
family of structural alloys are the Ni based superalloys which includes Inconel 625. Figure 4
shows a graph of tensile properties over a range of temperatures for Inconel 625 showing
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retention of almost 62% of its room temperature strength up to 750°C (1382°F) [10]. The pairing
of two such alloys, a Cu base alloy for its thermal conductivity and Ni based superalloy for its
high strength at elevated temperatures, creates a bimetallic suitable for use in a TCA.

(b)

(a)

Figure 2: Illustration of Regeneratively Cooled Thrust Chamber Assembly for a Liquid Rocket
Engine [8]. (a) side view and (b) cutaway view showing internal Cu liner.
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Figure 3: Although alloying of Cu alloys increases their room temperature yield strength, the
strength decreases at elevated temperatures [8]
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Figure 4: Mechanical Properties of Inconel 625 showing retention of strength up to 700 °C
(1292°F) [10]
Heritage processing for the fabrication of regeneratively cooled TCAs initially used an
electroplating process which deposited either a Fe or Ni based structural jacket onto a machined
Cu inner liner. However, due to the size limitation of chemical baths and the toxicity of the
chemicals, new fabrication processes were sought. The next step for a more environmentally
friendly process was the utilization of a joining method known as brazing. A match machined
clam shell jacket was shrink brazed to a slotted Cu liner using an appropriate filler alloy. This
fabrication process required tight tolerances between the parts being brazed and complete
bonding of the coolant channel lands was not always obtained. After brazing the two halves of
the clam shell to the liner, a fusion weld process was used for the final joining, adding additional
processing time for the fabrication. The ability to use a DED AM process would provide the
ability to directly print a regeneratively cooled TCA, which makes it an attractive alternative
fabrication process.
5

2.1 Materials
The bimetallic system for this study uses Inconel 625 deposited using various DED
methods onto either a L-PBF GRCop84 liner or a sintered powder GRCop84 plate that has
experienced hot isostatic pressing (HIP). Although pure Cu and Ni are completely miscible in
one another, there is a concern for possible formation of intermetallics resulting from the
diffusion of the alloying elements between the Ni and Cu alloys that could affect the stability of
the bonding at the interface.
A summary of the elemental compositions of the alloys used in this study is summarized
in Table 1. A summary of their properties is provided in Table 2 along with a comparison of the
pure materials. Various vendors provided samples used in this study based on their best
practices. The concerns affecting bonding are preventing oxidation on the Cu alloy during
deposition and overcoming the large differences in the thermal expansion coefficients for each
alloy. To provide an oxidation barrier on the Cu liner, the vendor for the L-WF and A-WF
processes used electrochemical deposition to make a 25 µm (9.8x10-4 in) thick layer of pure Ni
before the Inconel 625 deposition. Pure Ni has been studied for use as a diffusion barrier in many
electronics applications [11]. For the L-BP, the vendor deposited a single layer of stainless steel
(SS) 316L of approximate 0.4 mm (1.6x10-2 in) thickness on to the GRCop84 prior to the
deposition of the Ni alloy.
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Table 1: Summary of Alloy Elemental Compositions (wt. %)
Alloy

Ni

Cu

Cr

Nb

Fe

Mo

Al

Ti

C

Inconel 625
[12]

Bal

-

21.5

3.65

< 5.0

9.0

0.2

0.2

< 0.1

GRCop84
[13]

-

Bal

6.63

5.73

< 20ppm

-

-

-

-

SS316L
[14]

12.0

-

17.0

-

Bal

2.5

-

-

0.08

Table 2: Summary of Room Temperature Alloy Material Properties
Coefficient of
Thermal
Expansion
(µm/m*K)

Melting
Temperature
(°C)

Alloy

Yield Strength
(MPa)

Thermal
Conductivity
(W/m*K)

Inconel 625 [12]

460

9.8

14.2

1320

GRCop84 [13]

200

310

15.5

1080

SS316L [14]

215

16.2

18.0

1425

Ni [15]

59

61

13

1455

Cu [16]

33

385

17

1085
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2.1.1 Inconel 625
Inconel 625 is a Ni based alloy that gains most of its strength from solid solution
strengthening from the molybdenum (Mo), iron (Fe), and chromium (Cr) additions [17].
Although solid solution strengthening is the main source of its strength, it is possible for age
hardening to form the γ” and γ’ phase. The γ” phase is body center tetragonal (BCT) with Ni3Nb
stoichiometry and the γ’ phase is face centered cubic (FCC) with Ni3(Al,Ti) stoichiometry. Due
to the low amount of aluminum (Al) and titanium (Ti) in Inconel 625, little γ’ is expected to
form. Due to the C content, carbides can also form with the Mo and Nb additions as either MC,
M6C, and M23C6 phases. One of the most notable characteristics of Inconel 625 is that it is a
highly weldable alloy which makes it a good candidate for the AM processes in which the
feedstock is locally melted, solidified, and reheated during subsequent deposition passes.

2.1.2 GRCop84
GRCop84 was developed by NASA Glenn Research Center as a candidate to replace
other Cu alloys for use in TCA fabrication [8]. Previously, Cu-Nb-Cr alloys such as NARloy-Z
were used up until the 1980s. The goal was to develop a Cu-based alloy with improved thermal
conductivity with higher creep resistance and low cycle fatigue performance than other Cu
alloys. The thermal conductivity in GRCop84 is in the range of 75 to 84% as compared to pure
Cu.
Since GRCop84 is manufactured using conventional argon gas atomization, it is an ideal
candidate for AM processing with various powder sizes obtained by selective sieving. The
Cr2Nb intermetallic is the key to GRCop84’s properties at high temperatures. During argon gas
atomization, rapid solidification of molten alloy produces an approximate 14 vol.% dispersion of
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2 to 7µm (7.9x10-5 to 2.8x10-4 in) sized Cr2Nb precipitates within the Cu matrix. The two
constitutes forming the precipitate have a low affinity for Cu, thus leaving a relatively pure Cu
matrix. This intermetallic dispersion strengthens the Cu matrix and keeps the matrix refined by
pinning grain boundaries when exposed to temperatures up to 800°C (1472°F) for a short time
[9]. Earlier Cu alloys, such as NARloy-Z, relied on precipitation strengthening resulting from
quenching and aging at temperatures around 480°C (896°F) [18]. The strength is lowered at
elevated temperatures due to the coarsening of precipitates. Even after exposure to 1000°C
(1832oF) for 30 minutes followed by an air cool, no significant coarsening of either the Cu
matrix grains or the Cr2Nb precipitates in the GRCop84’s alloy was reported [9].

2.2 Additive Manufacturing
2.2.1 Powder Bed Fusion
The L-PBF process investigated in this study is illustrated in Figure 5 and uses a laser to
locally melt the metal powders in a X-Y build layer prior to recoating the build layer with
unmelted powder. This process is repeated in the Z direction until the desired shape is made.

Laser
Powder Roller

Powder
Stock

Powder Bed

Unfused
Powder

Part

Build Platform

Figure 5: Diagram of Typical Powder Bed Fusion Operation
9

The powder feedstock is fed from a hopper and spread across the powder bed with either a blade
or a roller. The build platform, which acts as the floor of the build chamber, moves down as the
powder is spread to allow for the part to be built up.

2.2.2 Directed Energy Deposition
DED AM methods investigated include L-BP, L-WF and A-WF processes. The L-WF
process deposited Inconel 625 onto a plate of GRCop84 as the L-BP and A-WF processes
deposited Inconel 625 on PBF GRCop84 liners described in section 2.0.

2.2.2.1 Wire-fed
Wire-fed process use either a pulsed laser (L-WF) or a pulsed plasma arc (A-WF) for the
heat source to locally melt the wire. An example setup of plasma arc deposition process is
illustrated in Figure 6 [19]. Many wire-fed systems mount the heat source on the same tool
holder as the wire feed and the pulsed laser process would have similar orientation. The wire-fed

Figure 6: Diagram of Typical Pulsed Arc Deposition Operation [19]
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tool head is usually fixed to either a robotic arm or a CNC system. Either method can feed wire
diameter of 0.2 mm (7.9x10-3 in) for laser to 4 mm (0.15 in) diameter for arc based. A
mechanism is used to feed the wire into the path of the heat source to locally melt the wire into
the substrate or previous layer.

2.2.2.2 Blown Powder
Figure 7 [20] shows an example of a L-BP DED process. An inert carrier gas, such as
argon, transports metal powder of about 100 µm (3.9x10-3 in) in diameter to the focal point of the
laser. Under the focal point, the melt pool develops. The powder is kinetically driven into the
melt pool, building up layers onto the previously deposited layers or substrate.

Figure 7: Diagram of Typical Blown Powder Deposition Operation [20]
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3.0 Experimental Procedure
The samples used in this study are described in Table 3 and used intermediate layers to
minimize the amount of oxides on the Cu surface. Both the WF1 and WF2 specimens deposited
the Inconel 625 onto the Cu substrate with a 25 µm (9.8x10-4 in) layer thickness of Ni. The WF1
specimens were produced using the arc only as a heat source for the Inconel 625. The WF2
specimen used a laser initially to lay down a 1.25 mm (4.9x10-2 in) thick layer of Inconel 625
followed by arc for increased thickness. The laser heat source for WF processes uses a smaller
0.2 mm (7.9x10-3 in) diameter wire compared to the 4 mm (0.15 in) diameter wire used with the
arc. The BP specimens deposited the Inconel 625 onto the Cu substrate after a 0.4 mm (1.6x10-2
in) thick layer of SS 316L was blown onto the substrate.

Table 3: Sample Compositions
Sample

Sample Composition

WF1

PBF GRCop84 + Ni Flash + Pulsed Arc Inconel 625

WF2

S-HIP GRCop84 + Ni Flash + Pulsed Laser Inconel 625 + Pulsed Arc Inconel 625

BP

PBF GRCop84 + SS316L + Blown Powder Inconel 625

To simulate possible microstructural changes during operation of the TCA, the specimens
underwent three heat treatments to evaluate the stability of the interface. Tension tests were used
to evaluate the resulting strength of the interface. Each heat treatment in Table 4 was chosen to
mimic common heat treatments for the individual alloys with an intermediate temperature also
evaluated. The performance of the GRCop84 was previously evaluated up to 600°C (1112°F),
12

even showing improvement in the mechanical properties [9][13]. A common solutionizing
temperature of 1000°C (1832°F) is used for the Inconel 625 [21]. Since the actual lifespan of the
TCA/LRE is currently unknown, one hour was determined to be appropriate for the small
samples used in this study.
Table 4: Table of Heat Treatment Parameters
Heat Treatment Temperature (°C) Time (hr) Rationale
1

1000

1

Solutionize Inconel 625 [17]

2

800

1

Midpoint

3

600

1

Prior GRCop84 study [9]

3.1 Metallography
Samples were sectioned from each of the parts received as described in Table 3. Since it
is known that the thermal profile in AM changes with the geometry, sections were removed from
the coolant land regions of the actual hardware. Sectioning was performed on a Buehler
SamplMet Abrasive Saw. A representative sample of each build and heat treatment were
mounted in phenolic using a Buehler SimpliMet 1000 Automatic Mounting Press. These images
are shown in Figures 8 and 9.
Samples were metallographically prepared by grinding and polishing. All grinding and
polishing were performed on a Struers Tegramin-20 automatic polisher. The final settings used
for the sample grinding were as follows:
• 5N of force on specimens
• Table rotation at 300 rpm
• Mount rotation at 150 rpm (co-rotation with table)
• Water drip rate about 2 drops/second
13

• Three-minute cycle
• Silicon Carbide paper grit sizes: 120, 180, 240, 320, 400, 600, 800, 1200.
A minimum of three cycles were used for each grit size to ensure a scratch free surface. Samples
were thoroughly cleaned after each cycle with a succession of rinses with water, acetone, and
then methanol followed by an air-dry.
After the final 1200 grit cycle, the polishing process began with the following
parameters:
• 5N of force on specimens
• Table rotation at 200 rpm
• Mount rotation at 150 rpm (co-rotation with table)
• Water drip rate about 1 drops/second
• Six-minute cycle
• Allied 8” Final A pads impregnated with succession of alumina powders
suspended in water: 1 µm, 0.3 µm, and then 0.05 µm
• Pad was impregnated with powder before samples were placed on pad
• Polishing suspension was dripped with plastic pipet continuously for entire cycle
After all polishing steps, the specimens were examined under a microscope to determine if more
cycles were needed to obtain the mirror finish.
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(a)

10 mm

(b)

(c)

Figure 8: Mounted As-Received Samples After Final Polish (a) BP, (b) WF2,
(c) WF1.

10 mm

(a)

(b)

(c)

Figure 9: Mounted Heat-Treated Samples After Final Polish of (a) HT3, (b)
HT2, (c) HT1. (Each puck contains a representative sample of each AM DED
process BP, WF2, WF1.)

3.2 Scanning Electron Microscopy (SEM) and Electron Dispersive X-Ray Spectroscopy
(EDS)
After OM imaging, SEM/EDS was performed on a Thermoscientific Apreo S using a
working distance of 9.8mm and an excitation voltage of 30 kV. The EDS elemental maps were
used to provide a qualitative view of intermixing between the two alloys before and after the heat
treatments.
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3.3 Tensile Specimen Preparation and Testing
Figure 10 shows a representative image of the tensile specimens before testing.
Due to the small size of the sample, rectangular strips were prepared with no reduction in midgauge region. Since it is expected that the bond area will have lower strength than either parent
material, the common dog bone configuration was not used. Ultimately a total of ten specimens
of each as built process and of each heat treatment were made using electron discharge
machining (EDM) on an Excetek V500. Also, PBF and plate GRCop84 specimens were made to
compare the results to parent material. Specimens were made into a rectangular strip with
nominal 0.33 mm (1.3x10-2 in) thickness and 4.6 mm (0.18 in) width resulting in a nominal
cross-sectional area of 1.5 mm2 (2.0x10-3 in2).
To mitigate the length differences between samples, the specimens were mounted with
the bond directly in the middle of the grips with the initial gauge length recorded for calculation
of elongation at break as evidenced by a load drop to less than 5 lbf. The bond strength of the
interface formed in the DED processes was quantified using tensile tests conducted in
displacement control on an Instron 5966 with a 10kN capability. Testing was performed with
constant crosshead velocity of 0.2 mm/min. The engineering ultimate tensile strength (UTS) was
calculated based on the maximum load divided by the initial cross-sectional area. Elongation on
break was obtained from the cross-head displacement.

(b)

(a)

Figure 10: Tensile Specimens Before Testing
(a) L-BP and (b) WF1
16

4.0 Results
4.1 Optical Microscopy
Optical images of the interfaces produced by the various processes are shown in Figures
11 through 14 before and after the heat treatments. Figure 11 shows the interface of the as
printed parts. Both WF samples show a sharp demarcation between the two alloys, which
remains apparent throughout all the heat treatments. WF2 has a flat interface throughout all
observed samples and the interface thickness is almost nonexistent. WF1 has a much wavier
interface with a thickness up to approximately 150 µm (5.9x10-3 in). WF1 also exhibits some
delamination along the interface which remained unchanged during heat treatments. The
delamination of the WF1 samples is shown in Figures 12 and 14. Figures 11 and 13 show
regions of fully bonded sections of the interface. In the L-BP samples, a much higher degree of
intermixing is observed at the interface in all samples before and after heat treatments with a
thickness of approximately 400 µm (1.6x10-2 in). .

(a)

(b)

(c)

Figure 11: Optical Images of Interfaces of (a) L-BP, (b) WF1, and (c) WF2
in As-Received Condition
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(a)

(b)

(c)

Figure 12: Optical Images of Interfaces of (a) L-BP, (b) WF1, and (c) WF2
after 1000oC for 1 hour

(a)

(b)

(c)

Figure 13: Optical Images of Interfaces of (a) L-BP, (b) WF1, and (c) WF2
after 800oC for 1 hour

(a)

(b)

(c)

Figure 14: Optical Images of Interfaces of (a) L-BP, (b) WF1, and (c) WF2
after 600oC for 1 hour
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4.2 Scanning Electron Microscopy (SEM) and Electron Dispersive X-Ray Spectroscopy
(EDS)
EDS elemental mapping in Figures 15 through 18 were made of the specimens shown
previously in Figures 11 through 14. The L-BP samples have a wider 400 µm (1.6x10-2 in)
interface compared to the WF samples with a maximum interface width of 150 µm (5.9x10-3 in)
as observed in Figure 18. The EDS mapping of the L-BP samples show a concentration of Fe at
the interface attributed to the SS304 layer between the Inconel 625 deposition and the Cu
substrate. Throughout all the L-BP samples and the heat treatments there is no Cu in the Ni
matrix of the Inconel 625 as it all resides within the Fe. The sharp change characteristic of the
WF interfaces observed in the optical images is also observed in the EDS mapping. WF1 has a
more perturbed interface compared to WF2 as also seen in Figure 14 and Figure 18. There does
not seem to be any major differences in elemental composition of the interfaces due to the heat
treatments. There is still the sharp change in composition for all the WF samples and the L-BP
samples still have a distinct intermixing of all elements.
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(a)

(b)

(c)

Ni

Fe

Cu

Figure 15: EDS mapping of AR specimens (a) L-BP, (b)WF1, (c)WF2

(a)

(b)

(c)

Ni

Fe

Cu

Figure 16: EDS mapping of HT1 specimens (a)L-BP, (b)WF1, (c)WF2

(a)

(b)

(c)

Ni

Fe

Cu

Figure 17: EDS mapping of HT2 specimens (a)L-BP, (b)WF1, (c)WF2

(a)

(b)

(c)

Ni

Fe

Cu

Figure 18: EDS mapping of HT3 specimens (a)L-BP, (b)WF1, (c)WF2
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4.3 Tensile Testing
Table 5 summarizes the mechanical properties of the as-received bimetallic specimens as
compared to GRCop84. The property of the GRCop84 in the various forms is similar to
published values [13]. Table 6 summarizes the mechanical properties for the interfaces after the
various heat treatments.
Most of the L-BP specimens broke just at the interface as seen in Figure 19a but three
broke in the GrCop84 outside the interface as seen in Figure 20. Similar properties are noted in
the parent GRCop84 properties as compared to the interface strength of the as-received L-BP.
All L-BP specimens have high strength with lower standard deviations suggesting a more
consistent interface. In general, the strength of the L-BP specimens increased after heat
treatment apart from HT2. The standard deviation of all heat treatments for the L-BP specimens
remains consistent, suggesting that the build itself is consistent.
All WF1 specimens tested broke in the interface and were so fragile that three of them
broke as they were being mounted into the grips of the tester as can be seen in Figure 19b. WF1
specimens had the lowest properties and the highest standard deviation suggesting that the
interface does not have consistent properties. After heat treatments, the UTS of WF1 specimens
showed an increase, although the standard deviation also increased suggesting that the variability
in the build is still present and cannot be solved with heat treatments.
All WF2 specimens tested broke at the interface. Figure 19c shows indications on the
Inconel 625 fracture surface that some GrCop84 has remained, meaning that the GrCop84 failed
before the interface. The UTS values for WF2 did not change appreciably after heat treatments
although the standard deviations showed an increase. Like WF1, WF2’s UTS is inconsistent
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throughout the build. Both wire-fed operations do not have consistent interfaces due to the
delamination and lack of bonding observed in the optical images.

Table 5: Comparison of parent material properties
to those of the bimetallic interface
As recieved
UTS (MPa)

%Elongation

L-BP

401 ± 34.9

54.6 ± 12.0

WF1

21.1 ± 22.0

4.66 ± 2.03

WF2

233 ± 104

40.3 ± 12.8

GRCop 84 Plate

427 ± 18.4

43.9 ± 18.3

GRCop 84 L-PBF

485 ± 13.8

43.8 ± 6.22

Table 6: Tensile properties of bimetallic samples after heat treatments
HT1

HT2

HT3

UTS

%El

UTS

%El

UTS

%El

L-BP

456 ± 34.5

43.4 ± 14.2

372 ± 43.9

14.8 ± 5.39

483 ± 18.8

48.4 ± 20.6

WF1

214 ± 72.5

13.0 ± 4.44

241 ± 50.0

21.2 ± 6.82

278 ± 77.3

15.9 ± 6.22

WF2

204 ± 12.6

11.7 ± 3.46

243 ± 47.9

14.8 ± 5.68

208 ± 48.5

8.72 ± 3.52

(c)
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(a)

(b)

(c)

Figure 19: Tensile specimens of (a) L-BP, (b) WF1, and (c) WF2 after
tensile testing

Figure 20: L-BP tensile specimen after tensile testing showing break in
GRCop84
5.0 Discussion
Vast differences were observed optically as well as in tensile properties for the two DED
processes evaluated. Prior work with L-BP onto a freshly machined C18150 surface [22] had
suggested that the kinetic forces of the blown powder resulted in better mixing at the interface as
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compared with wire fed processing. This work expanded that study to quantify the mechanical
properties of the resulting interface, although with a different Cu alloy. The previous study with
C-18150 showed a more gradual interface with the L-BP than observed in this study with the
GRCop84 although similar results were obtained for the wire-fed processes. Use of the L-WF2
resulted in less delamination attributed to the lower heat input of the laser as compared to the arc
WF1. The results of the interfaces between the L-WF2 and the L-BP specimens suggests that the
driving forces for mixing may be more complex than just the kinetic forces attributed in earlier
studies.
In melt pool hydrodynamics, it has been proven that Marangoni effects are the main
driving force [23][24][25]. Marangoni effects are the result of surface tension gradients created
by the temperature gradients across the surface and depth of a melt pool. The Marangoni effects
are also highly influenced by the concentration of surface-active elements (SAE) along the weld
pool free surface. Figure 21 shows a 2D cross section of a weld pool depicting an example of the
locations of SAEs and the direction of Marangoni stresses and flows within the melt pool. The
transport of heat as well as elemental mixing in the weld pool during melting and solidification
are governed by the Marangoni-driven hydrodynamics. The increase of SAE’s in the alloys will
increase the surface tension temperature derivative. This will cause an inward flow in the melt
pool leading to a deeper pool depth [26]. Increased temperature will decrease the temperature
derivative creating a wider shallower melt pool. Figure 22 is an illustration showing the relation
between the temperature gradient of surface tension between the melting temperature (Tm) and
the maximum weld temperature (Tmax) and the Marangoni flow directions. Overall, higher
energy input into a melt pool causes more Marangoni currents and stress in the melt pool
[24][27]. As discussed in section 2.2.2.1, the arc process used in WF1 utilizes a larger diameter
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wire. The larger diameter wire requires a higher energy input to melt the wire. The stronger
currents caused by higher energy input causes more motion in the melt pool leaving the much
wavier appearance upon cooling as seen in Figure 11b. Also, the different rates of cooling of the
two alloys have also been thought to exasperate the coefficient of thermal expansion mismatch of
the individual alloys. The higher velocity currents in combination with the thermally induced
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stresses that remain in the metal upon cooling results in the delamination in WF1 and not in WF2
[22].

Figure 21: Illustration of a weld pool cross-section [23]

Figure 22: Illustration showing the relation between the
temperature gradient of surface tension between the melting
temperature (Tm) and the maximum weld temperature (Tmax)
and the Marangoni flow directions [23]
L-BP differs from L-WF and A-WF in the fact that the powder is kinetically forced into
the melt pool were the WF processes “lay” the new material on the melt pool [22]. This kinetic
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force propels the Inconel powder into the interface. The force increases the currents exhibited in
the melt pool. The phenomenon observed in the L-BP sample and not in the WF samples can
also be explained by understanding the microstructure of the interface. Figure 23 shows an
etched interface of the L-BP sample. As stated in Section 3.0, the L-BP samples were made by
first blowing a layer of SS316L onto the Cu substrate before depositing the Inconel 625. Within
the interface, there is a layer of SS316L inside the Cu substrate and another layer of Cu before
more SS316L. Many spherical particles of SS316L can be seen in the Cu and larger lumps of
SS316L with swirls of Cu are observed in the interface. Confirmation that these swirls and
particles are in fact SS316L is made with EDS examination in Section 4.2. The swirls are
thought to be caused by convection flow during the rapid solidification of the melt pool and the
spherical particles of SS316L are thought to have been caused by liquid phase separation [28].
Melt supercooling is possible upon rapid cooling during laser heating. The rapid scanning speed
in conjunction with the high thermal conductivity of the Cu alloy causes this rapid heat
dissipation[19]. The high rate of heat dissipation exceeds the heat of fusion releasing rate
leading to melt supercooling [29]. It has been demonstrated by Nakagawa that when Fe-Cu
alloys are supercooled by 100oC or more below the liquidous temperature liquid phase separation
can occur [30]. When the miscibility gap, as seen in the phase diagram in Figure 24, is reached,
the liquid separates into a Cu rich and Fe rich liquid and upon further undercooling secondary
liquid phase separation can occur [29][31]. The WF specimens did not utilize SS316L as an
intermediate oxide barrier before Inconel 625 deposition. Therefore, the liquid phase separation
is not observed in the WF specimens because the Ni-Cu binary system does not exhibit this
phenomenon upon undercooling. The Fe-Cu liquid phase separation hypothesis is also
corroborated by the EDS mapping as only the Fe and Cu show substantial mixing. Only Fe and
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Cu mixing at this interface would create and environment in which a supercooled melt would
exhibit liquid phase separation. The kinetic force of powder being blown into the melt pool
formed at the interface during Inconel 625 deposition could also be aiding in the liquid phase
separation as it would induce more currents and a more uniform temperature for undercooling to
occur.
The UTS of all the L-BP samples are larger than the WF samples after all heat
treatments. The elongation of the L-BP specimens is also greater for all heat treatments. The
only exception is that after HT2, WF2 and L-BP elongation is virtually the same. The
conclusion is then that the L-BP process is the not only the strongest but the most consistent
when exposed to elevated temperature when compared to either WF operation. WF2 specimens
is notably higher than WF1 in the as received condition. This is most likely due to the energy

Figure 23: Etched image of As Received L-BP showing spherical and
lump particles of SS316L formed during liquid phase separation during
supercooling
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input difference of the two methods using a laser prior to the arc deposition. The higher energy
input of the arc causes delamination in the WF1 specimens which reduces the strength at the
interface. The UTS of WF2 after HT1 and HT3 has decreased but has increased after HT2. Even
though there is some change, they are relatively consistent compared to the dramatic changes
seen in WF1. The UTS of WF1 has increased after all heat treatments. This could mean the
effect of the delamination in WF1 could be reduced during the heat treatments due to the sealing
of kissing bonds. Kissing bonds are surfaces which are in intimate contact with each other but
with little to no bond strength. During the heat treatments, diffusion could be occurring across
these bonds and strengthening the interface.

Figure 24: Fe-Cu binary phase diagram showing miscibility gap [31]
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6.0 Summary
Understanding and quantifying the differences in the various AM methods for
deposition of a Inconel 625 and GRCop84 bimetallic interface was the goal of the study and two
main differences were observed. The L-BP samples were very different compared to the WF
samples. The use of SS316L in the L-BP samples created a Fe rich melt pool which when
rapidly cooled, exhibits a liquid phase separation. The interface was much wider and had a clear
intermixing occurring thought to be a result of this liquid phase separation in the Fe-Cu system.
The WF samples were also very different from one another depending on the heat input of the
process. Higher heat input induces more Marangoni currents in the melt pool. A larger diameter
wire requires more heat to melt using the arc-based deposition in WF1. The larger Marangoni
currents combined with the thermal expansion mismatch of the two alloys created many
delaminations in the interface upon cooling. The delaminations directly influenced the strength
of the interface negatively as well as the inconsistency of the values. Quantifying the resulting
interface was done through tensile testing of miniature specimens made from as built parts. The
use of miniature specimens from as built parts is more representative of the component interface
from actual hardware. Tensile testing was also performed using specimens that were exposed to
elevated temperatures to evaluate the stability of the DED interfaces. It was determined that the
strongest and most consistent interface when exposed to elevated temperatures was the L-BP.
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7.0 Future Work
Future work for this project would include determining the full effect of the SS316L
intermediate layer on the resulting interface of the L-BP samples. To do so would require
eliminating the SS316L layer and utilizing a Ni flash or freshly machined GRCop84 substrate
allowing for direct comparison with the WF samples. Also, this would determine if there is a
real argument for kinetic motion causing the much wider interface seen in BP samples or if
liquid phase separation is the main driver.
Another future work would be the analysis of the WF samples with more knowledge of
the build parameters. Understanding the exact heat input and the chemical composition of the
wire used in each process would help determine the true influence of Marangoni Currents in the
weld pool. The delamination could be caused entirely by the Marangoni effects but without
build parameter and chemical composition data that determination is not possible.
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